INTRODUCTION
Several decades of research have highlighted the crucial role of marine microorganisms in the pelagic marine ecosystem (Williams 1981 , Azam et al. 1983 , Ducklow 1983 ). The marine microbial loop comprises Bacteria, Archaea, unicellular eukaryotes, and viruses which mediate the flux of carbon from atmosphere to deep ocean and form the basis of most marine food webs (Pomeroy et al. 2007 ). Applications of molecular tools in the past 2 decades have elucidated a wide diversity of microorganisms inhabiting marine habitats (Giovannoni et al. 1990 , Delong 1992 , Fuhrman et al. 1992 , 1993 , Fuhrman & Ouverney 1998 , Giovannoni & Rappe 2000 , Giovannoni 2004 , DeLong et al. 2006 , and recent applications of whole community genome (metagenomic) and transcript (metatranscriptomic) shotgun sequencing (Venter et al. 2004 , DeLong et al. 2006 , Rusch et al. 2007 ) have revealed the presence of previously unrecognized metabolic pathways and unexpectedly high transcription of genes of unknown function (Hewson et al. 2009b) . These studies show the value of large-scale sequencing in its ability to reveal unanticipated and undiscovered processes occurring in complex microbial communities. The large number of unidentifiable sequences within these datasets, however, shows that there is still a great deal about genetic diversity and function in marine microbial communities to be extracted from such surveys.
In shotgun sequencing surveys of open ocean plankton, 33 to 87% of all sequences could be assigned to an organism or group of organisms (Venter et al. 2004, ABSTRACT: Metagenomic and metatranscriptomic surveys of open ocean microbial assemblages have revealed a vast number of nucleic acid sequences that are of unknown function or phylogenetic affiliation. We examined metatranscriptomic databases and found several highly expressed, yet unidentified, transcripts which were present across diverse locations in the open ocean. Comparison of the 5 most highly represented transcript contiguous sequences (hRCs) against the Global Ocean Survey (GOS) assembled metagenomic sequence database revealed that 4 of the 5 hRCs had been observed previously in open ocean microbial DNA. Amplification of the hRCs from pelagic microbial DNA yielded 1 amplicon (hRC93). To confirm that hRC93 was syntenous with the nucleotide sequence on a matching GOS contig (JCVI_SCAF_1096627329331), we amplified a 706 bp region between hRC93 and an adjacent gene from pelagic microbial DNA. We further characterized hRC93 by examining its relative frequency in metatranscriptomic libraries and performed quantitative PCR on microbial DNA collected from the equatorial Atlantic Ocean, the Gulf of Maine, and a tropical estuary (Bayboro Harbor). Our data demonstrate that hRC93 is in a rare (~0.1-1% of cells) component of productive tropical surface water microbial assemblages, and that its role in host physiology is not related to photosynthesis or to the expression of adjacent genes on the matching GOS genome fragment. However, the large investment in hRC93 transcription suggests an important role in host ecology. These results highlight the lack of genomic information on rare marine microorganisms, but also suggest that unannotated reads in metagenomic and metatranscriptomic surveys can provide useful information on the ecophysiology of uncultivated microorganisms.
KEY WORDS: Metatranscriptome · Bacterioplankton · Genomics · Riboswitch
Resale or republication not permitted without written consent of the publisher Poretsky et al. 2005 , DeLong et al. 2006 , Rusch et al. 2007 , Frias-Lopez et al. 2008 , Gilbert et al. 2008 , Hewson et al. 2009a , Poretsky et al. 2009 ) using traditional BLAST analyses comparing metatranscriptomes and metagenomes to databases of known sequences. In these analyses, the remainder of reads bore no identity or homology above an investigator-assigned annotation cutoff (E-value, bit score). The phylogenetic origin and function of the 13 to 67% remaining sequence reads is therefore unknown. Comparisons against assembled sequences from environmental genomic surveys provide further resolution of putative origin and ecophysiology, but taxonomic origin may be obscure (Hewson et al. 2009a) . The presence of diverse, highly-expressed RNAs in metatranscriptomes (Frias-Lopez et al. 2008 , Gilbert et al. 2008 , Poretsky et al. 2009 , Shi et al. 2009 ) represents a large genetic investment by microorganisms with streamlined genomes typical of open ocean bacteria (Rocap et al. 2003 , Giovannoni et al. 2005 . This highlights the probable importance of such molecules in the regulation of cellular activities (Poretsky et al. 2005 (Poretsky et al. , 2009 ). Analysis of transcripts at Stn ALOHA near Hawaii, USA revealed commonly occurring short (<100 bp) transcripts in microbial community RNA pools, which may represent putative small RNAs of potential regulatory function such as riboswitches or termination motifs (Shi et al. 2009 ). These regulatory RNAs made up the bulk of undefined sequences in metatranscriptomic surveys generated at Stn ALOHA (Frias-Lopez et al. 2008) . Recently, surface water metatranscriptomic libraries were prepared from both day and night at 7 stations in the tropical North Atlantic Ocean, Stn ALOHA, and in the Southwest Pacific Ocean (Hewson et al. 2009b , Poretsky et al. 2009 ), as well as a metatranscriptome prepared from plankton-net-collected Trichodesmium north of the Fijian Islands (Hewson et al. 2009c ; see Table 1 ). The majority of transcript sequences obtained were unannotated, with few additional sequences matching environmental shotgun sequencing derived protein sequences (Hewson et al. 2009c (Hewson et al. , 2010 . These reports were consistent with previous reports at other open-ocean and coastal locations (Frias-Lopez et al. 2008 , Gilbert et al. 2008 , Poretsky et al. 2009 ) and illustrated that the majority of gene transcripts in marine plankton were novel.
The aim of the present study was to investigate the ecophysiology of highly expressed, unannotated gene transcripts derived from surface water microbial communities of the open ocean. We describe the occurrence of a highly-expressed RNA sequence which bears no nucleotide identity or homology with known genomes or proteins, respectively, yet shares identity with a contiguous fragment assembled from environmental genome sequences generated in the Global Ocean Survey (GOS). Using molecular approaches and sequence database comparisons, we describe ecological information about the transcript which provides clues to its function in surface water microbial communities despite the absence of direct sequence identification. Moreover, the purpose of the present study was to describe an approach by which ecophysiologies of uncultivated microorganisms represented by numerous unannotated gene transcripts within metagenomic and metatranscriptomic datasets can be investigated in the absence of cultivation and expression studies.
MATERIALS AND METHODS
Sequence database alignment. Random transcript sequence databases prepared from 14 open ocean samples (Hewson et al. 2009b ,c, 2010 , Poretsky et al. 2009 ) were obtained from the Community Cyberinfrastructure for Advanced Marine Microbial Ecology Research and Analysis (CAMERA), and were used to identify highly expressed yet unannotated sequences for further investigation (see Table 3 ). Because these transcript libraries were generated from RNA prepared using the same method, the resulting relative frequencies of transcripts within these 14 libraries are comparable. To identify unique, unannotated sequences in each library, several steps were performed ( Fig. S1 in Supplement 1, available at www.intres.com/articles/suppl/a060p289_supp.pdf).
(1) Sequences matching proteins or genomes by BLASTx or BLASTn were removed from the raw sequence libraries. (2) Sequences < 75 bp, sequences containing > 60% of any single nucleotide, and sequences matching rRNA databases were removed, as described by Hewson et al. (2009b) . (3) The edited, unannotated sequences were then subjected to reciprocal BLASTn (nucleotide-nucleotide) alignment with an E-value cutoff of 0.001 to cluster similar sequences. Sequences matching > 99% over at least 80% of the query length were considered the same in this comparison. The number of reads matching each query was then enumerated, and the 5 most highly repeated transcripts were selected for further analysis.
The 5 most highly expressed transcript sequences were assembled using the CAP3 program (Huang 1992) . A minimum overlap of 20 bp and minimum identity on overlaps of 99% was used in the assembly. The assembly generated contiguous gene transcripts for each of the highly expressed unannotated reads (highly represented contiguous sequences [contigs], hRCs). The assembled hRCs were then verified to be unique by BLASTx against the non-redundant protein database at the National Center for Biotechnology Information (NCBI), and by BLASTn against the nonredundant nucleotide database at NCBI. hRCs were compared by BLASTx, and BLASTn against GOS assembled nucleotide sequences and proteins using CAMERA. The hRCs were further compared by BLASTn against eukaryotic microbial transcript sequence databases (J. Zehr unpubl. data), marine metaviriome databases accessed through CAMERA, and against metatranscriptomic sequence databases generated from other marine communities (FriasLopez et al. 2008 , Gilbert et al. 2008 , Poretsky et al. 2009 using an E-value cutoff score of 10 -3 (Table 1) .
Samples for ecophysiology investigation. Microbial samples were collected independently of those used to generate the metatranscriptomic libraries from surface waters and at depth at biogeochemically diverse locations (Table S1 in Supplement 1, available at www.intres.com/articles/suppl/a060p289/_supp.pdf). Samples generally comprised cell collection on 0.2 µm Durapore or Sterivex filters, which were flash-frozen and transported to the laboratory at Cornell University.
Microbial DNA was extracted using the phenol:chloroform approach modified for pelagic microorganisms described by Fuhrman et al. (1988) , with modifications (Hewson et al. 2006 ). Briefly, filters (which were either in Sterivex capsules or 25 mm membranes) were treated with 0.5 ml of boiling 10:1 salt-Tris-EDTA: sodium dodecyl sulfate (SDS) to heat-lyse bacterioplankton cells, followed by overnight precipitation with 0.95M ammonium acetate (C 2 H 3 O 2 NH 4 ) and 60% ethanol (EtOH) by volume (final concentration). Nucleic acids and proteins were pelleted by centrifugation, resuspended in 0.2 ml deionized water, and sequentially extracted with 0.2 ml of phenol, phenol: chloroform:isoamyl alcohol (24:1:0.1), and finally chloroform:isoamyl alcohol (10:1). The extracted nucleic acids were precipitated once again with C 2 H 3 O 2 NH 4 and EtOH, pelleted by centrifugation, dried, and reconstituted in deionized water.
PCR amplification of hRC sequences. PCR primers were designed around the 5 most abundant hRCs in metatranscriptomic libraries ( Thermal cycling was preceded by a heating step at 95°C for 3 min, and followed by a final extension step at 72°C for 7 min. PCR products were electrophoresed on a 1.2% agarose gel at 8V cm -1 for 90 min, post-stained with SYBR Gold to visualize PCR products. PCR amplicons were gel extracted using the Zymo Gel Extraction kit and protocol, ligated into pGEM®-T Easy Vectors (Promega), and transformed into Z-competent JM109 Escherichia coli (Zymo Research). Plasmid extraction on overnight 5 ml cultures was accomplished using a Zymo Plasmid Miniprep Kit (Zymo Research), and cloned amplicons were sequenced by the Center for Life Sciences DNA Sequencing Facility at Cornell University.
Quantitative PCR. A quantitative PCR primer and probe set (TaqMan©) was developed to assay the abundance of hRC93 in the DNA of surface water bacterioplankton (Table 2) . Quantitative PCR (qPCR) was conducted in 25 µl reaction volumes consisting of 1 × qPCR Master Mix (Invitrogen), 5 pmol forward and reverse primers, 10 pmol probe, and 2 µl template DNA (comprising 0.1 to 0.4 ng extracted DNA). Standard curves were constructed for each qPCR run using plasmid DNA containing the target sequence ranging from 10 1 to 10 8 copies reaction -1
. Reactions were run in duplicate with an internal plasmid standard of 10 4 copies in a third replicate to assess possible inhibition of the PCR reaction by materials co-extracted with microbial community DNA. qPCR was carried out using an ABI 7300 qPCR machine with the following thermal cycling protocol: 50°C for 2 min, 95°C for 10 min, followed by 60 cycles of 95°C for 15 s and 60°C for 60 s.
RESULTS AND DISCUSSION

Initial bioinformatic analyses
We found through reciprocal BLAST analyses that 18.7 to 79.4% of unannotated transcripts within marine metatranscriptomes occur more than once within surface microbial communities of the oligotrophic open ocean (Table 1) . Overlapping unannotated transcripts were assembled into contiguous sequences, denoted as hRCs. Five hRCs comprised on average 1.0 ± 0.2% of all sequence reads in the metatranscriptome surveyed (see Supplement Fig. S2 ). The most abundant hRC (hRC195, 215 bp) made up 0.4 ± 0.1%, and another prevalent unannotated contig (hRC93, 168 bp), made up 0.22 ± 0.04% of all reads within the 14 metatranscriptomes surveyed (Table 3) Table 3 . Metatranscriptomic datasets used to identify highly represented contiguous sequences (hRCs) within metatranscriptomic libraries. Frequency of hRCs in metatranscriptomes generated as part of the studies by Hewson et al. (2009a Hewson et al. ( ,b, 2010 and Poretsky et al. (2009) . The occurrence of each hRC (see Fig. S2 in Supplement 1) was obtained by BLASTn comparison against each metatranscriptomic library, where matches at > 99% nucleotide identity across at least 80% of the query sequence were considered the hRC fragment. The number of hRC matches was then converted to a percentage of the total mRNA library size (for details on how RNA libraries were edited for mRNAs, see Hewson et al. 2010) In an attempt to assign a host identity to these hRCs, we first ensured that they were only found in metatranscriptomes originating from bacterioplankton samples. Comparison by BLASTn of the 5 hRCs against databases of eukaryotic transcripts (polyA-selected; J. Zehr & V. Armbrust unpubl. data) did not reveal any matches. In addition, no matches were found when the 5 hRCs were compared by BLASTn against the 'MarineViromes: All Metagenomic Sequence Reads' dataset using CAMERA (http://camera.calit2.net). Thus, we conclude that transcripts were likely bacterial or archaeal in origin. This is supported by their presence in metagenomes prepared from the 1.0 to 0.1 µm size fraction.
Four of the 5 hRCs matched multiple GOS contigs at nucleotide identities of > 99% when clustered against GOS datasets through a BLASTn comparison. BLAST analysis of the nucleic acid sequence surrounding the hRCs on the larger GOS contigs revealed adjacent putative protein encoding regions that shed light on possible host organisms for these hRCs (Fig. 1) . For example, hRC44 was found to be upstream of a gene resembling a short-chain dehydrogenase of a sequenced Flavobacterium. hRC93 matched several similar GOS contigs at 100% nucleotide identity, the longest being 4012 bp (JCVI_SCAF_1096627329331). The larger GOS contig has 2 weakly annotated putative protein encoding regions. At the 5' end of the GOS contig there is a hypothetical protein gene most similar to marine Gammaproteobacteria HTCC2080 (MGP2080_0412), and at the 3' end of the contig there is a tonB-dependent receptor most similar to that from the same gammaproteobacterial strain. The homology of the surrounding genes for all 4 hRCs is very low, with 22 to 60% homology to genes from sequenced representatives. Nonetheless, with these comparisons we may begin to assign putative hosts to these unannotated transcripts.
Initial amplification from field samples
We next sought to identify these hRCs in the field. We designed primer sets around the 5 hRCs (Table 2) and applied them to mixed microbial DNA obtained from ocean water near Ferry Reach, Bermuda. This well-flushed creek represents waters adjacent to Bermuda from the Sargasso Sea. Of the 5 primer sets, only hRC93 amplified. Cloning of the PCR product revealed a sequence 99% identical to the hRC sequence and matching GOS contig (GenBank accession no. HM137361). The apparent absence of the other 4 hRCs within this sample may suggest that these 293 Fig. 1 . Highly represented contiguous sequences (hRCs) best matches to Global Ocean Survey (GOS) contigs based upon BLASTn analysis (grey), and BLASTx annotation of genes on GOS matching contigs (white). The hRC positions are indicated above the GOS contig. The position of hRC93 amplicons (individual transcript region and the region between hRC93 and the tonB-dependent receptor) are indicated by dark grey bars beneath the GOS contig that matches hRC93 sequences are contaminants, or that these sequences are simply not found at this location or are present at such low genomic levels that they could not be amplified using our method. We chose to focus on hRC93 for further investigation for 3 reasons. (1) The successful amplification of the hRC93 fragment from open ocean DNA was attractive for further quantitative and gene synteny confirmation. (2) The longest GOS contig on which hRC93 recruited contained the most genetic information (4012 bp, including 2 putative protein encoding regions). (3) Aside from hRC195, hRC93 comprised the largest proportion of as-yet undefined metatranscripts with surrounding protein encoding regions on GOS contig matches.
Confirmation of genomic synteny of hRC93 with a tonB-like gene
We investigated whether hRC93 was syntenous with the tonB-like gene in open ocean microbial assemblages observed in larger matching GOS contigs (Fig. 1) , by PCR amplification and sequencing between these 2 genes. Amplification using a reverse primer designed on the GOS tonB sequence and forward primer on hRC93 (Table 2 ) using open ocean microbial DNA yielded amplicons of predicted size (706 bp) that shared 90 and 92% nucleotide identity at Stns SJ060903 and SJ060904 in the equatorial Atlantic Ocean (GenBank accession no. HM137362).
After confirming the genomic synteny of hRC93 with the tonB-like gene showing that hRC93 is upstream to the tonB-like gene, we hypothesized that the hRC93 region of the gene may act as a riboswitch. Analysis of the matching GOS contig using the RibEx website (http://132.248.32.45/cgibin/ribex.cgi; Abreu-Goodger & Merino 2005) identified 1 riboswitch-like element (RLE) and transcriptional attenuator in hRC93, at the 3' end. The closest cluster of orthologous group assignment of the detected RLE is to predicted kinases related to dihydroxyacetone kinases (COG 1461). Comparisons of the tonB-like gene by tBLASTx against the metatranscript libraries, however, did not yield any significant alignments. Since there were no detected transcripts of the tonB-like gene in metatranscriptome libraries, the highly expressed hRC93 is unlikely to be directly related to expression of the genomically adjacent tonB-like gene; however, the genomic potential for both elements is present in open ocean microbial assemblages.
Presence and ecophysiology of hRC93
hRC93 had the greatest frequency in metatranscriptomic libraries prepared from open ocean environments (Hewson et al. 2010) at Stn KM070325, which harbored an intense bloom of the diazotrophic microorganism Crocosphaera watsonii WH8501 (Fig. 2) (Hewson et al. 2009b) . At this location, hRC93 made up 0.5% of all putative mRNAs. Comparison of the hRC93 sequence by BLASTn against metatranscriptomes prepared from other locations revealed a large number (187) of match- Hewson et al. (2010) . Circles represent percent representation of hRC93 in analyzed metatranscriptomes at the noted locations. These numbers and respective day/night analyses can be found in Table 3 . Additional metatranscriptomes were analyzed for the presence of hRC93. For the scanned metatranscriptomes, ( ) represents locations of metatranscriptomes where hRC93 was found to be present, and ( ) near Rauenfjord denotes that hRC93 was not found within metatranscriptomes at this location ing sequence reads at Stn ALOHA (Frias-Lopez et al. 2008) , at the Sapelo Island observatory (93 matching reads; Poretsky et al. 2010) , with fewer matches to transcripts of the Sargasso Sea (5 matching sequences; M. Vila-Costa & M. A. Moran unpubl. data) and no matches to the Raunefjord mesocosm experiment (Gilbert et al. 2008) . This pattern of occurrence highlights the tendency of the transcript to be found in warmer, oligotrophic surface waters. There was no consistent pattern in library-size normalized hRC93 frequency between samples taken during light and dark phases, suggesting that the transcript is likely not linked directly to photosynthetic physiology (Table 3) .
To further investigate the ecophysiology of the hRC93 fragment, we examined geographic and depthdependent variation in gene abundance using qPCR. The highest abundance of hRC93, examined using an hRC93-specific qPCR primer/probe set ( , reflecting presence as a single copy in ca. 0.1 to 1.0% of cells, and consistent with abundances seen in metatranscriptomic data from these regions (0.22 ± 0.4% of all metatranscripts). hRC93 was also detected in Bayboro Harbor, Florida, USA, an area with conditions similar to that of the Amazon River plume (water temperature ~26°C). In contrast, hRC93 was not detected in deeper waters of the eastern Atlantic (water temperatures <17°C) and could not be amplified from microbial DNA collected adjacent to Appledore Island in the Gulf of Maine (Fig. 3A , water temperature = 14.6°C). hRC93 was found predominantly in surface waters. The exception to this observation was at Stn SJ060904, where the highest surface abundances were observed. At this station, hRC93 was also detected at 75 m depth (Fig. 3B) . This station and Stn SJ060903 are located in the Amazon plume, where enhanced productivity driven by allochthonous inputs and nitrogen fixation (Foster et al. 2007 ) leads to enriched diversity of microorganisms (Hewson et al. 2006 ). hRC93 was not detected in 0.7 µm prefiltered samples from surface waters at Hydrostation S, located near Ferry Reach, Bermuda, where the hRC93 gene fragment was amplified and sequenced. Because all other samples were not prefiltered and we would expect to see the transcript at this location, the microorganism that harbors this sequence may be larger than 0.7 µm. The presence of hRC93 in open ocean metagenomic libraries, metatranscript libraries, and PCR amplification of hRC93 fragments directly from marine samples indicates that this element is likely not a contaminant and originates from an open ocean marine microorganism.
CONCLUSION
Aggregate analysis of the 5 hRCs, and hRC93 in particular, provides novel insight into the ecophysiology of these as-yet unannotated elements in open ocean microbial assemblages. Our data suggest that hRC93 is 295 Fig. 3 . (A) Geographic distribution of hRC93, examined using quantitative PCR (qPCR) in surface water microbial DNA from the Atlantic Ocean. hRC93 was most abundant in tropical surface waters of the Amazon River plume and absent from samples collected in the Gulf of Maine. (B) qPCR results based on a TaqMan primer/probe designed on the hRC93 sequence. Data indicate the abundance in mixed microbial DNA collected at various stations and depths (indicated on x-axis). Error bars = SE of analytical replicates, except at Stn SJ060903 the SE of 3 sample replicates, and at Stn SJ060909 the SE of 2 sample replicates likely unrelated to photosynthetic physiology, that the host microorganism is rare, potentially related to Gammaproteobacteria, and a warm-water (tropical) microorganism located predominantly in surface assemblages. While it was not possible to definitively assign phylogenetic information to hRC93 based upon BLASTx or BLASTn comparisons, the high transcript abundance in metatranscriptomic libraries compiled from locations around the globe and genomic abundance (via qPCR) of hRC93 within Amazon plume waters and in the tropical Tampa Bay (Bayboro Harbor) lends argument to the significance of this transcript and its association with areas of enhanced tropical activity. It is striking that the increased number of microbial genomes sequenced in recent years has not paralleled a large increase in the fraction of gene information retrieved from metagenomic or metatranscriptomic surveys. This reveals the vast diversity of microorganisms in the ocean, most of whose existence we are only aware of through low-homology blast hits and great 'unknown' portions of metagenomic and metatranscriptomic data. In the present study, we investigated 5 highly expressed unannotated small RNA sequences that are found in abundance in several metatranscriptomic datasets. Our results highlight the low sequence coverage of representative strains of marine microorganisms and provide an autecological method that will help further characterize unknown portions of sequencing data from environmental samples. 
